Abstract: ZrW 2 O 8 exhibits isotropic negative thermal expansions over its entire temperature range of stability, yet so far its physical properties and mechanism have not been fully addressed.
Ⅰ. Introduction
The zirconium tungstate (ZrW 2 O 8 ) exhibits isotropic negative thermal expansion (relatively large, -9×10 -6 K -1 ) over its entire temperature range of stability (from close to absolute zero up to the decomposition temperature around 1500 K). The isotropy of the expansion is back by the fact that the cubic structure of ZrW 2 O 8 remains at these temperatures. 1, 2 This feature makes ZrW 2 O 8 not only an important example to study this type of unusual lattice dynamics, but also potentially well suited for applications in composite materials in order to reduce the composites' overall thermal expansion to near zero. [3] [4] [5] [6] [7] In experiments, the phase transition, specific heat, thermal expansion of ZrW 2 O 8 have been studied by some groups [8] [9] [10] [11] , especially for the temperature-and pressure-induced phase transitions, and the temperature-dependence of the thermal. [12] [13] [14] For example, it has long been noticed that α- The following electronic band structure calculation by GGA (not shown here) indicates the existence of an indirect band gap, whose value E g is about 3.31eV, larger than other theoretical result, e.g., 2.84eV by LDA, 18 more coincides with the experimental value, i.e., 4.0eV, 20 , which is smaller than the experimental value due to the well-known underestimate of conduction-band energies in ab initio calculations.
The total density of states (DOS) is presented in Fig. 1(a) . There are two parts in the valence bands, i.e., the lower region from -17.5eV to -14.9eV, and the upper region from -5.3eV to 0.7eV.
As shown in Fig. 1(a We performed calculations on mechanical properties of α-ZrW 2 O 8 by GGA-PBE within the ultrasoft pseudopotential. After cubic structure geometry optimization, the final cell parameter a is 0.92867nm, well agreeing with experimental value, 0.9160nm. 2 Table I A comparison with experimental data is made in the second line. 
where B H is volume module, G H is shear module, and ρ is the theoretical density. The average speed of sound v m can be defined as
Then the Debye temperature can be obtained by the formula:
where h is Planck constant, k B is Boltzmann constant, N A is Avogadro's constant, n is atom number of per primitive cell, and M is molecule mass of per primitive cell. By using the above equations, we can determine the Debye temperature as 314.7K, which is well consistent with experimental value 21 (the deviation is about 5.50%).
(3) Thermal conductivity of α-ZrW 2 O 8
Zirconium tungstate, ZrW 2 O 8 , has received considerable attention in recent years because of its isotropic negative thermal expansion over a wide temperature range from 4 to 1050 K. It is well known that Young's modulus has a close relationship with thermal conductivity, as higher Young's modulus can help to increase the thermal conductivity. The theoretical minimum thermal conductivity and its underlying origin have been discussed, and there are two models which can produce the lower limit of the thermal conductivity of a crystal. One is based on the Debye model. 
Another is the Cahill's model 23 , which relates the minimum thermal conductivity to materials sound velocity and the density of number of atoms per volume, as shown in Eq. (5):
In the above two equations, E is the elastic modulus (Young's modulus), ρ is the density, M is the molar mass, m is the total number of atoms per formula, k B is Boltzmann's constant, N A is Avogadro's number, and p is the density of number of atoms per volume. These models have been validated and widely used in searching for materials as thermal barrier coatings. 22 In the case of α- 
(4) Optical properties of α-ZrW 2 O 8
The complex dielectric function ε contains a real part ε 1 and an imaginary part ε 2 . The imaginary part can be calculated from the band structure directly by taking into account of interband transitions, while the real part can be obtained by the following use of the Kramers-Kronig relations. 25 Other optical properties can be computed from the complex dielectric function. 25 Figures 2(a) and (b) show the complex dielectric function and refractive index as a function of photon energy, obtained by GGA. In Fig. 2(a) , we can see that the static dielectric constant (ε 1 (E=0)) is 3.93eV, which is actually quite close to the experimental value of cubic ZrO 2 , 4.1eV. 26 The static refractive coefficient (n 0 ) obtained by GGA is about 1.98. And for cubic ZrO 2 , the corresponding value in experiments is 2.07 27 When the acoustic vibration is concerned, it has been shown that the frequency can be related to the bond stiffness and atom mass in the following way:
where ω is the acoustic vibration frequency, K the bond stiffness, m red is the equivalent atom mass, m 1 and m 2 are the mass of two atoms within one bond, respectively. From the above formula, we can estimate the contributions of various bonds to the acoustic vibrations. For example, since the stiffness of O-Zr bonds is bigger than that of W-O bonds, 15, 18 and the oxygen mass is the smallest among the three elements, it is expected that the optical vibration module of the O atoms mainly contribute to the high-frequency part. On the other hand, the stiffness of W-O bonds is weaker and the mass of the W atoms is the biggest, thus the optical vibration frequency of the W atoms should be the lowest. As for Zr atoms, the corresponding frequencies are located between those of W and O atoms. Besides, as shown in Fig. 3 , there is no phonon band gap because the three acoustic branches merge into the low-lying part of optical branches.
The thermal dynamics and the heat capacity of the ZrW 2 O 8 are also calculated by GGA, which are presented in Fig. 4 . Figure 4 
